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(54) Title: HIGH PURITY COMPOSITE USEFUL AS A SUSCEPTOR 
(57) Abstract 

A Czochralski process furnace component 
comprises a high purity semiconductor standard 
composite including a carbon fiber reinforced carbon 
matrix having a total level of metal impurity below 
about 10 ppm, preferably below about 5 ppm, and 
most preferably having a level of metal impurity 
below the detection limit of inductively coupled 
plasma spectroscopy for the metals Ag, Al, Ba, 
Be, Ca, Cd, Co, Cr, Cu, K, Mg, Mn, Mo, Na, 
Ni, P, Pb, Sr and Zn. A crucible susceptor (15) 
for a crystal growing process for pulling a crystal 
ingot (17) from a crystal material melt (16) in a 
crucible (14) comprises a high purity composite 
comprising a two-dimensional, continuously woven 
carbon fiber fabric reinforced carbon matrix; the 
high purity composite having a total level of metal 
impurity less than about 10 parts per million; the 
crucible susceptor (15) being a one piece ply lay-up 
structure of the high purity composite, having a side 
ring and a base, said side ring and said base having 
substantially the same thickness. 
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HIGH PURITY COMPOSITE USEFUL AS A SUSCEPTOR 

Technical Field 

The present invention is directed to high purity composites of carbon fiber within a 
carbon matrix and their preparation. More particularly, the present invention is directed to 
high purity composites useful as semiconductor material processing components, such as 
Czochralski furnace components and furniture. 

Background of the Invention 

Single crystals are used in a variety of high performance industries. For example, 
single crystal silicon wafers are used in the semiconductor industry and single crystal 
sapphire crystals are used in the defense (antenna windows) electronic (light emitting diodes) 
and general industries (laser scanner windows). Such single crystals are usually made in a 
high temperature operation. 

An example of this is the production of silicon wafers for use in the semiconductor 
industry by the Czochralski or "CZ" process. In the CZ process, a seed crystal of known 
orientation is immersed in a molten pool of silicon. This triggers solidification and 
precipitation of the silicon. As the crystal is mechanically pulled upwardly from the pool, the 
orientation of the solidifying front mimics that of the seed crystal. Silicon wafers can be 
manufactured from the solid ingot by machining and polishing. 

Specifically constructed furnaces are used to accurately control the various parameters 
needed to ensure that high quality crystals are produced. Several of the key components in 
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these crystal growing furnaces are made from graphite. These include various liners, shields, 
tubes, crucible susceptors and the like. Graphite has been ihc maicrial conventionally utilized 
in such processes due to its high temperature capability and relative chemical inertness. 



Disadvantages of graphite include its poor durability brought about by its highly brittle 
nature and its tendency to microcrack when exposed to repeated temperature cycles. Such 
microcracking alters the thermal conductivity of the component which in turn makes accurate 
temperature control of the crystal melt difficult. In addition, contamination of the melt may 
occur by the leaching of impurities from the graphite components or from particulates 
generated by the degradation of the graphite itself. Semiconductor standards require 
extremely low levels of impurities in the semiconductor processing system, to allow 
substantially no impurities to be incorporated into the semiconductor material, as even trace 
amounts can alter the electronic properties of the semiconductor material. 

Further, the deposition of oxides of silicon on graphite parts during the production 
of the silicon crystal occurs to such an extent that parts must be cleaned on a regular basis 
and replaced periodically. Replacing worn graphite parts is a time consuming and costly 
process. 

Therefore, there has been a need for the manufacture of components for single crystal 
growing reactors that have the advantages of graphite without the disadvantages. Such 
components would enable the more cost effective production of high quality single crystals, 
including silicon semiconductor wafers. 

There have been attempts made to utilize, carbon/carbon composites in similar 
electronic material production processes, in place of graphite furnace components and 
furniture. U.S. Patent 5,132, 145 and corresponding European Patent application 88401031 .5 
to Valentian disclose a method of making a composite material crucible for use in the 
Bridgman method for producing single crystals of metallic material semiconductors. 
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Valentian proposed making a cylindrical crucible for holding a molten sample, from 
a single wall of carbon fibers or silicon carbide fibers impregnated with carbon or silicon 
carbide, and depositing on the inner wall of the crucible, a thin inner lining of silicon carbide 
in combination with silica, silicon nitride, and silicon nitride/alumina, or in other 
embodiments, amorphous carbon, boron nitride, titanium nitride or diboride, and zirconium 
nitride or diboride. The thin inner lining is required to avoid contamination of the molten 
sample, to provide a matched thermal conductivity with the molten sample, and to avoid 
crack propagation which is a drawback of the bulk material. 

One of the most critical components in the high temperature single crystal growing 
furnaces is the susceptor. The function of the susceptor is to hold a crucible (usually quartz 
in the silicon crystal growing process) which is in intimate contact with the crystal melt. The 
susceptor must also allow for the transfer of heat from the heater to the crystal mass. This 
must be accomplished as uniformly as possible. Accurate control of the thermal environment 
is critical to the success in fabricating high quality single crystals. 

Fabrication of graphite susceptors is not trivial. The low strength characteristics of 
graphite and the need to support the crystal mass, means that thick sections have to be used, 
particularly in the base of the crucible. These thick sections contribute to a high level of 
thermal mass and consequently difficulties in controlling the thermal environment accurately. 

In the Czochralski. (CZ) process, the current, conventional CZ crystal pulling 
susceptor is designed to hold the quartz crucible in place during the CZ crystal pulling 
operation, which in turn holds the polysilicon used to make the silicon crystal. Quartz 
softens at approximately 1150*C. The CZ process runs at approximately 1450'C. The 
quartz crucible softens during the CZ operation and conforms to the susceptor. 

The susceptor must be able to retain its shape in an argon atmosphere at reduced 
pressure. It must not outgas and it must be of sufficient purity not to effect the material 
properties of the polysilicon that is being contained by the quartz crucible. Finally, it must 
have the proper thermal characteristics to allow for the correct thermodynamic conditions 
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needed to grow a silicon crystal with minimal or zero defect dislocations. The dislocations 
r- u^tu ,^»f-»mm»iirm :m<l variation in the thermodynamic conditions within the 

W i~» I II Will »-> ^ ' » • » »* *•» • •»—--«- 

furnace. 

The current conventional CZ susceptor material is graphite. While graphite does an 
adequate job for the current size CZ crystal pullers and can retain its shape during the crystal 
pulling operation, it can however, catastrophically fail during operation. If the graphite 
susceptor catastrophically fails, it may lose its containment of the quartz crucible during the 
CZ operation. The loss of containment of the quartz crucible can have serious consequences. 
If the molten polysilicon comes into contact with the water cooled steel furnace vessel, 
catastrophic furnace failure will occur. This would include destroying the furnace and more 
importantly, it could cause serious injury to personnel. Some of the current furnace graphite 
configurations are designed specifically for the containment of the polysilicon during the 
crystal growing phase of the operation. 

A further disadvantage of graphite susceptors stems from the need to produce the 
graphite component in four parts. Three pieces constitute the susceptor and the fourth piece 
is required for the susceptor base, which holds the susceptor together and interfaces the 
susceptor to the furnace pedestal. This is done because graphite does not have the toughness 
and impact strength required to prevent breaking during the crystal growing process. The 
CZ silicon crystal growing process leaves some liquid silicon metal at the conclusion of 
crystal growth. The remaining silicon metal expands approximately 9% upon cooling. The 
stress induced by the thermal expansion of the silicon metal results in the breakage of a 
single piece graphite susceptor. Additionally, a single piece graphite susceptor will break 
upon the removal of the quartz crucible. 

Although machining of the graphite can be done to close tolerances, gaps still exist 
between the three sections of the component. By-product gases of the crystal pulling process 
are highly corrosive (such as silicon monoxide in the CZ process) and can attack the graphite 
structure through these gaps. This in turn reduces the lifetime of the components and 
seriously affects the crystal production rate. 

4 



<WO 9855238A1_I_> 



W0 98/5523jP' T " ;) PCT/US98/09015 



Another issue involved with the graphite susceptor is thermal management. The 
current graphite susceptor design consists of a conical side section, generally between 0.5" 
to 1 " in thickness. The bottom section matches the bottom contour of the quartz crucible. 
The bottom section matches the bottom contour of the quartz crucible. The bottom section 
is substantially thicker than the conical side section. Additionally, in the furnace, the 
susceptor sets on a graphite base. The combination of the graphite base and thick bottom 
section of the susceptor increases the difficulty in hot zone thermal management. 

The thermal management difficulty arises from two factors. First is the 
non-uniformity of part thickness between the susceptor side section area and the base area. 
Second, the susceptor base protrudes sufficiently to shield the bottom of the susceptor from 
the adjacent heater. This shielding causes the heater to add more energy into the system to 
compensate for the additional thermal mass and thermal shielding. Therefore, there is a need 
to develop a one piece susceptor of low thermal mass, that exhibits durability. 

It is therefore an object of the present invention to provide components for use in 
semiconductor processing that are superior in mechanical and thermal properties to 
conventional graphite components. 

It is a further object of the present invention to provide components for use in 
semiconductor processing that are superior in purity characteristics to conventional graphite 
components and to conventional carbon/carbon materials. 

It is a further object of the present invention to provide a carbon/carbon susceptor 
capable of providing complete crucible containment, thus eliminating the need for additional 
spill containment resources. 

It is a further object of the present invention to provide a carbon/carbon susceptor 
capable of providing improvement in the thermal management of the CZ furnace hot zone, 
thus providing potential energy savings and improvement of silicon crystal quality by a 
reduction of crystal dislocations. 
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It is a further object of the present invention to provide a carbon/carbon susceptor 
capable of providing an increase in the hoi zone for a given fixed furnace vessel cr size, by 
a reduction in the susceptor side thickness, thus providing the CZ crystal grower with an 
increase in the amount of polysilicon placed in the enlarged quartz crucible. 

It is a further object of the present invention to provide a carbon/carbon susceptor 
capable of providing the CZ crystal grower with a susceptor of greatly increased lifetime, 
namely an increased number of cycles prior to replacement. 

It is a further object of the present invention to provide a carbon/carbon susceptor 
capable of production in a single piece which is tough and durable. 

SUMMARY OF THE INVENTION 

The present invention provides a high purity carbon/carbon composite material 
consisting of carbon fiber reinforcements within a carbon matrix. This material has 
outstanding thermal capabilities, especially in non-oxidizing atmospheres. Before the present 
invention, use of carbon/carbon composite materials in the electronics industry was largely 
restricted due to the inability to produce materials that not only exhibit good mechanical 
properties at high temperature but that are extremely pure and will not contaminate sensitive 
electronic production articles such as semiconductor materials or devices, and silicon wafers 
in particular. 

The present invention therefore provides a high purity, semiconductor standard 
composite comprising a carbon fiber reinforced carbon matrix having a total level of metal 
impurity below about 10 ppm, preferably below about 5ppm, and most preferably having a 
level of metal impurity below the detection limit of inductively coupled plasma spectroscopy 
for the metals Ag, Al, Ba, Be, Ca, Cd, Co, Cr, Cu, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sr and 
Zn. 
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The present invention further provides crystal growing furnace components and 
furniture, such as for Czochralski semiconductor processing, comprising the above higli 
purity, carbon/carbon composite, the composite including a carbon fiber reinforced carbon 
matrix having a total level of metal impurity below about 10 ppm, preferably below about 
5ppm, and most preferably having a level of metal impurity below the detection limit of 
inductively coupled plasma spectroscopy for the metals Ag, Al, Ba, Be, Ca, Cd, Co, Cr. Cu, 
K, Mg, Mn, Mo, Na, Ni, P, Pb, Sr and Zn. 

In one embodiment, the present invention provides a Czochralski process crucible 
susceptor comprising the high purity, semiconductor standard composite, preferably 
constructed in one piece. 

According to the present invention, therefore, there is provided a crystal growing 
process for pulling a single crystal ingot from a crystal material melt, such as a silicon ingot 
from a silicon melt, including providing the crystal material (such as silicon) melt in a quartz 
crucible, wherein the quartz crucible is isolated from contaminant sources by at least one 
high purity, carbon/carbon composite component. In one embodiment, the process includes 
intimately supporting the crucible with the above susceptor. 

We have therefore found that it is possible to produce carbon/carbon materials with 
the desired mechanical, thermal, chemical and physical characteristics that make these 
materials very suitable for use in the single crystal growing and semiconductor electronics 
industry, and particularly for use as single crystal growing process crucible susceptors. 

We have further found that it is possible to produce a one piece, carbon/carbon 
susceptor that is approximately one third the weight of the conventional graphite susceptor 
and exhibits a substantially increased lifetime. 
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nriff Description of the Drawings 

Figs. 1 and 1A are a schematic cross sectional views of semiconductor processing 
furnaces, specifically Czochralski crystal growing reactors. 

Fig. 2 is a perspective view of a furnace heat shield, or furnace tube liner. 

Fig. 3 is a plan view of a furnace heat shield, or furnace tube liner. 

Fig. 4 is an elevational view of a furnace heat shield, or furnace tube liner. 

Fig. 5 is a plan view of a high purity composite crucible susceptor. 

Fig. 6 is an elevational view of a high purity composite crucible susceptor. 

Fig. 7 is a perspective view of a high purity composite crucible susceptor. 

Fig. 8 is a plan view of an alternate high purity composite crucible susceptor. 

Fig. 9 is an elevational view of an alternate high purity composite crucible susceptor. 

Fig. 10 is a perspective view of an alternate high purity composite crucible susceptor. 

Detailed Description of the Invention 

Carbon fiber reinforced carbon matrix materials, or carbon/carbon composites, have 
thermal stability, high resistance to thermal shock due to high thermal conductivity and low 
thermal expansion behavior (that is, thermal expansion coefficient or TEC), and have high 
toughness, strength and stiffness in high-temperature applications. Carbon/carbon composites 
comprise carbon reinforcements mixed or contacted with matrix precursors to form a "green- 
composite, which is then carbonized to form the carbon/carbon composite. They may also 
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comprise carbon reinforcements in which the matrix is introduced fully or in part by 
chemical vapor infiltration. 

The carbon reinforcements are commercially available from Amoco. DuPont, 
Hercules and others, and can take the form of continuous fiber, cloth or fabric, yarn, and 
tape (unidirectional arrays of fibers). Yarns may be woven in desired shapes by braiding or 
by multidirectional weaving. The yarn, cloth and/or tape may be wrapped or wound around 
a mandrel to form a variety of shapes and reinforcement orientations. The fibers may be 
wrapped in the dry state or they may be impregnated with the desired matrix precursor prior 
to wrapping, winding, or stacking. Such prepreg and woven structures reinforcements are 
commercially available from Hitco Technologies. Inc. The reinforcements are prepared from 
precursors such as polyacrylonitrile (PAN), rayon or pitch. According to a preferred 
embodiment of the present invention, the reinforcement is in the form of woven cloth. 

Matrix precursors which may be used to form carbon/carbon composites according 
to the present invention include liquid sources of high purity (that is. semiconductor quality) 
carbon, such as phenolic resins and pitch, and gaseous sources, including hydrocarbons such 
as methane, ethane, propane and the like. Representative phenolics include, but are not 
limited to, phenolics sold under the trade designations USP 39 and 91LD. such as supplied 
by Ashland Chemical, and SC1008 supplied by Borden Chemicals. 

The carbon/carbon composites useful in the present invention may be fabricated by 
a variety of techniques. Conventionally, resin impregnated carbon fibers are autoclave- or 
press-molded into the desired shape on a tool or in a die. The molded parts are heat-treated 
in an inert environment to temperatures from about 700* C to about 2900* C in order to 
convert the organic phases to carbon. The carbonized parts are then densified by carbon 
chemical vapor impregnation or by multiple cycle reimpregnations with the resins described 
above. Other fabrication methods include hot-pressing and the chemical vapor impregnation 
of dry preforms. Methods of fabrication of carbon/carbon composites which may be used 
according to the present invention are described in U.S. patents 3.174,895 and 3,462,289. 
which are incorporated by reference herein. 
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Shaped carbon/carbon composite parts for semiconductor processing components can 

he made of sections of 
be made either integrally ueiuic «.» ^■"•^ — • ' — — - 

material joined into the required shape, again either before or after carbonization. 

Once the general shape of the carbon/carbon composite article is fabricated, the piece 
can be readily machined to precise tolerances, on the order of about 0.1 mm or less. 
Further, because of the strength and machinability of carbon/carbon composites, in addition 
to the shaping possible in the initial fabrication process, carbon/carbon composites can be 
formed into shapes for components that are not possible with graphite. 

The high purity carbon/carbon composite according to the present invention has the 
properties of conventionally produced carbon/carbon composites, yet has improved purity 
resulting from the process for the production of a semiconductor standard composite of the 
present invention. 

According to the inventive process, fiber (reinforcement) purity is enhanced by the 
carbon fiber reinforcement, preferably in the form of woven fabric, being heat treated in a 
non-oxidizing (inert) atmosphere to a temperature of about 2400«C (4350° F) to about 
3000°C to remove impurities. This heat treatment further sets the reinforcements, avoiding 
shrinkage in later procedures. 

Carbon matrix purity is enhanced by the utilization of high purity matrix precursors 
in the impregnation of the heat treated carbon reinforcement. The purity level of the carbon 
sources should be less than about 50 ppm metals. For example, the phenolic resins should 
contain less than about 50 ppm metals, should utilize non-metallic accelerators for cure, and 
preferably should be made in a stainless steel reactor. 

The impregnated reinforcements, or prepregs. are staged, laid-up, cured and 
carbonized (or pyrolized) conventionally, except that processing conditions are maintained 
at semiconductor standards. The carbonized part is then densified by chemical vapor 
impregnation or liquid pressure impregnation, using the carbon source materials mentioned 
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above. 

In the chemical vapor deposition (CVD) densification of the carbonized part, 
precautions are taken not to introduce any elemental impurities in the CVD furnace. Prior 
to processing the carbonized parts, the furnace is purged by running an inert gas. such as 
argon, helium or nitrogen, through it for several heat treat cycles at about 2400°C to about 
3000°C. 

After the component has been formed by the densification of the carbonized part, the 
component is further heat treated at 2400°C to about 3000°C in a non-oxidizing or inert 
atmosphere to ensure graphitization of the structure and to remove any impurities that may 
have been introduced. The period of time for this procedure is calculated based upon 
graphitization time/temperature kinetics, taking into account furnace thermal load and mass. 
The component may be machined, if desired, to precise specifications and tolerances, as 
discussed above. 

In a further purification procedure, the heat treated components are further heat 
treated at 2400°C to about 3000°C in a halogen atmosphere to remove any remaining 
metallic elements as the corresponding volatile halides. Suitable halogens include chlorine, 
bromine and iodine, witli chlorine being preferred. The purification treatment may be 
terminated when no metallic species are detected in the off-gas. 

Throughout the production process, great care is taken not to contaminate any parts. 
As discussed above, processing is done to semiconductor standards, including the use of 
laminar air flow in work areas which ensure ISO 1000 conditions. 

High purity carbon/carbon composites prepared according to the present invention 
were analyzed by inductively coupled plasma spectroscopy (ICP) in comparison with 
conventional graphite components, the latter of which was also analyzed by atomic absorption 
spectroscopy (A AS), and the results are shown in Table I below. 
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TABLE I 



I. 1 
Pi pment ( ddth ) 


— . i 
Graphite (1) 


1 

Detection 
Limit (2) 


Kiyii ?Ui.xty . 
C/C Level (2) 


Aluminum 


<0 - 0 8 


0 . 1 


ND 


Laicium 


0 . 13 


0 . 1 


ND 


L-.rii ouix uui 


<0 . 07 


0 .01 


ND 


topper 


<0 . 08 


0 . 02 


ND 


I iron 


0 . 09 


0 . 04 


0.18 


Magnesium 


<0 . 02 


0.02 


ND 


Manganese 


<0 . 08 


0.01 


ND 


Nickel 


<0.10 


0.04 


ND 


1 Potassium 


<0 . 10 


4 


ND 


j Sodium 


<0.05 


0.2 


ND 


j Vanadium 


<0 . 07 


0.02 


.24 



(2) by ICP 



High purity carbon/carbon composites prepared according to the present invention were 
analyzed by inductively coupled plasma spectroscopy in comparison with conventional 
carbon/carbon composites, the latter of which was analyzed by high temperature halonization, 
and the results are shown in Table II below. 
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TABLE II 



biement vppmj 


Conventional C/C 


Detection Limit 
(2) 


High Purity 
C/C Level (2) 


Alumi num 


4 


0 . 1 


ND 


Calcium 


10-30 


0 . 1 


ND 


Chromium 


<0.32 


0 . 01 


ND 


Copper 


<0 . 06 


0 . 02 


ND 


T rnn 


3-5 


0.04 


0 . 18 


Magnesium 


3-5 


0.02 


ND 


Manganese 


0 . 034 


0 . 01 


ND 


Molybdenum 


1 


0.02 


ND 


Nickel 


ND 


0 . 04 


ND 


Phosphorous 


5.8 


0.02 


ND 


Potassium 


ND 


4 


ND 


Sodium 


4 . 8 


0.2 


ND 



(1) by High Temperature Halonization 

(2) by Inductively Coupled Plasma Spectroscopy (ICP) 
ND = Not Detected 



As shown in Tables I and II, the high purity carbon/carbon composites of the present 
invention are below the detection limit for inductively coupled plasma spectroscopy analysis for 
the metals Al. Ca, Cr, Cu, K, Mg, Mn, Mo, Na f Ni, and P, while these metal impurities are 
shown to be present in graphite, and in conventional carbon/carbon composite materials (except 
in the latter, for nickel and potassium). 

Carbon/carbon composites produced according to the invention were ashed and the diluted 
residue further analyzed by inductively coupled plasma spectroscopy for metals content in 
addition to those metals tested above. As demonstrated in Tabic III below, the concentration of 
these metals, Ag, Ba, Be, Cd, Co, Pb, Sr, and Zn, was also below the detection limit for the 
analytical technique. 
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TABLE III 



ELEMENT 


DfclbCllUIN LI Mil (rrlVi) 


Wir;H PURITY C/C LEVEL 


Barium 


U.Ul 


ND 


Beryllium 


0.01 


ND 


Cadmium 


0.01 


ND 


Cobalt 


0.02 


ND 


Lead 


0.2 


ND 


Silver 


0.02 


ND 


Strontium 


0.02 


ND 


Zinc 


0.02 


ND 



ND = Not Detected 



Carbon/carbon composites, according to the invention, can be used in semiconductor 
processing without first coating the component, although it is preferable to precoat the carbon- 
/carbon composite prior to use, in order to lock down any particles which may have formed as 
a result of the composite fabrication, or machining process. A coating may be desired in the 
event of a change in the process furnace atmosphere. Carbon/carbon composites can readily be 
coated with a protective refractory coating, such as refractory carbides, refractory nitrides, and, 
particularly with regard to the production of gallium arsenide crystals, refractory borides. 
Preferred refractory coatings are silicon carbide, silicon nitride, boron nitride, pyrolytic boron 
nitride and silicon boride. Graded or layered coatings of the carbides, nitrides and borides may 
also be used. 

Advantages of carbon/carbon (C/C) composites over graphite, particularly with regard 
to semiconductor processing such as in the semiconductor crystal growing process furnace, arise 
from improved mechanical properties, namely improved strength, dimensional stability, and 
impact and thermal shock resistance, in part due to the incorporation of the reinforcement fibers. 
Representative graphite components and carbon/carbon composite components prepared according 
to the present invention were tested for physical, thermal and mechanical properties, the results 
for which are reported in Table IV. 
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TABLE IV 



Physical Property 


Graphite 


C/C composite 


Density (g/cc) 


1.72-1.90 


1 .64-1 .69 


Porosity (%) 


9-12 


2-15 


Hardness (Shore) 


12-80 


Off Scale 



Thermal Property 


Graphite 


C/C Composite 


Conductivity (W/mK) 


70-130 


100 


TEC (x 10" 6 in/in/°C) 


2 .0-3.6 


1 . 4 (in plane) 
6.3 (x-ply) 


Emissivity 


0 .77 


0.52 



Mechanical Property 


Graphite 


C/C 

Composite 


Ultimate Tensile Strength .(ksi) 


0.9-1.7 


35-50 


Tensile Modulus (msi) 


0.8-1.7 


3 . 5-16 


Flexural Strength (ksi) 


1 .7-13 


16-42 


Compressive Strength (ksi) 


4 .4-22 


11-30 


Fracture Toughness (Izod Impact ft -lb/ in) 


<1 


13 



Although the properties in Table IV above were tested for composites produced according 
to a preferred embodiment of the invention, the high purity, semiconductor standard 
carbon/carbon composites of the present invention can be produced to exhibit a density of about 
1.6 to about 2 g/cc. and a porosity of about 2 to about 25%. These high purity composites 
generally range in tensile strength from about 25 to about 100 ksi, in tensile modulus from about 
3 to about 30 msi, in flexural strength from about 15 to about 60 ksi, in compressive strength 
from about 10 to about 50 ksi, and in fractural toughness as measured by lzod impact, about 5 
to about 25 ft-lb/in. 
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Such inventive high purity composites exhibit a thermal conductivity of about 20 to about 

! PYnnnsinn coefficients 
500 W/mK in plane and about 5 to aooui zuu wMiirv uuoo-,..;, ... , - 

of zero to about 2 xlO* in/inT C in plane and about 6 xlO 6 in/in/'C to about 10 xlCT in/in/'C 

cross ply Thermal emissivity of the high purity composites is about 0.4 to about 0.8. The 

electrical resis.ivhy of the high purity composes is about I x1CT« to about 1 x 1CT* ohm-cm. 

According to the present invention, the high purity, semiconductor standard carbon/carbon 
composites are formed into components for use in semiconductor processing, such as furnace heat 
shields, furnace tube liners, and crucible susceptors. These components are useful in the 
Czochralski crystal growing furnace for producing semiconductor crystals or ingots of silicon, 
sapphire crystals, as well as other semiconductor materials such as gallium arsenide and cadmium 
zinc telluride. 

According to the invention therefore, Czochralski process furnace components such as 
heat shields and crucible susceptors have been fabricated, comprising a high purity, 
semiconductor standard composite including a carbon fiber reinforced carbon matrix having a 
total level of metal impurity below about 10 PP m, preferably below about 5 PP m, and most 
preferably having a level of metal impurity below the detection limit of inductively coupled 
spectroscopy for the metals Ag. Al, Ba, Be, Ca. Cd, Co. Cr, Cu, K, Mg, Mn. Mo, Na. Nt, P. 
Pb, Sr and Zn. 

The high purity carbon/carbon composite susceptors have been used in the Czochralski 
crystal growing process for pulling a silicon ingot from a silicon melt. In this process, the silicon 
melt was formed in a quartz crucible, which was intimately supported within the furnace by the 
susceptor. Also, a high purity carbon/carbon composite furnace heat shield was disposed 
between the crucible containing the silicon melt and the furnace heating elements. 

As shown in the sectional schematic of Figs. 1 and 1A. a typical Czochralski 
semiconductor processing reactor comprises a furnace 10 having a water jacketed stainless steel 
wall 1 1 to enclose the processing area. Insulation, not shown, protects the wall from the internal 
heating elements 12. Disposed radially inwardly of the heating elements 12 is the crystal- or 
ingot-pulling zone 13, where the semiconductor material is melted and processed. 
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Within the crystal pulling zone 13, a crucible 14, suitably made of quartz, is intimately 
supported by the high purity composite crucible susceptor 15 which rests either on a refractory 
hot surface, insulation, an axle for rotation of the crucible susceptor 15. or another furnace 
component (not shown). The semiconductor material is heated within the crucible 14 to form a 
melt 16. from which a crystal or ingot 17 is drawn by conventional crystal drawing means 18. 
such as a weighted pulley. The semiconductor material is highly pure, electronic quality silicon 
or gallium arsenide. The crystal pulling zone 13 may be maintained at a subatmospheric 
pressure, by means for evacuating the furnace (not shown). 

As shown in Fig 1, the heating elements 12 and the crystal pulling zone 13 is disposed 
a furnace heat shield or furnace tube liner 19, comprising the high purity composite. The 
crucible susceptor 15, and particularly the heat shield or tube liner 19, protect the crystal pulling 
zone 13 and the melt 16 and crystal 17 contained therein from potentially contaminating elements. 

These high purity composite components provide a stable thermal environment in which 
the solidification of the crystal or ingot 17 is permitted to proceed without non-uniformity causing 
thermal excursions. The heat shield 19 as shown in Fig. 1, helps to maintain the crystal pulling 
zone 13 at an optimum temperature for the semiconductor material being processed such as about 
1450°C for silicon, even though the outer surface of the shield, exposed to the heating elements 
12. may experience a much higher temperature such as 1500°C to 2000°C. The crucible 
susceptor 15 intimately supports the crucible 14, which may soften and begin to "flow" at 
operating temperatures. The susceptor 15 maintains the structural integrity of die crucible 14 
during operation. 

As shown in Fig. 1A, in a smaller furnace design the heat shield 19 can be disposed 
radially outside of a configuration comprising a crucible 14 within a susceptor 16 in close 
proximity to the heating elements 12 in order to contain heat within the crystal pulling zone 13 
and prevent. its dissipation radially. 

The high, purity composites are also resistant to thermal shock and heat/cool cycles, 

offering an improvement over conventional graphite components. Other advantageous thermal 
characteristics are listed in Table IV, above. 
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As shown in Figs. 2, 3 and 4, the furnace heat shield or furnace tube liner 20 can be a 

hinh nnritv 

generally cylindrical shape, although not oeing tinmcu w ma. wv,.... fe - -o - ------ . ■ 

composite wall 21 denning an internal opening 22. The crystal pulling zone 13 can be contained 
within the opening 22. 

As shown in Figs 5, 6 and 7, the crucible susceptor 30 has a high purity composite side 
wall 31 a top opening 32 and a high purity composite base 33. The interior of the crucible 
susceptor 30 is shaped to hold the particular crucible design for which it was intended, and thus 
die base 33 can be scooped in the form of a bowl, and the side wall 31 can contain a ridge 34 
such as for nesting the crucible. The side wall 31 may contain fixturing holes 35 for mounting 
the susceptor 30. 

In an alternative embodiment shown in Figs. 8, 9 and 10, the crucible susceptor 40 also 
has a high purity composite side wall 41, a top opening 42 and a high purity composite base 43. 
The base 43 may also be scooped, and the side wall 41 can contain one or more ridges 44. 
Fixturing holes 45 may be present in the side wall 41. The base 43 can contain a high purity 
composite fitting 46 which defines an engagement zone 47 that may engage an axle for rotating 
the crucible/crucible susceptor assembly, an exhaust tubing for lowering the pressure of the 
furnace interior, or another furnace component. The ease of fabrication of the high purity 
carbon/carbon composite materials prior to carbonization, and their machinability after 
carbonization, permits the fabricating the furnace components into any desired configuration. 

The carbon/carbon susceptor according to the present invention provides the following 
improvements for the crystal grower, in the CZ process and related single crystal pulling 
operations. The crucible can be completely contained, eliminating the need for additional spill 
containment resources. Thermal management of the crystal growing furnace hot zone is 
improved, thus providing energy savings and improvement of crystal quality by a reduction of 
crystal dislocations. The effective size of the hot zone for a given fixed furnace vessel or furnace 
size is increased, by a reduction in the susceptor side thickness, thus providing an increase in the 
amount of crystal growing melt, such as polysilicon, which can be placed in the correspondingly 
enlarged quartz crucible. The carbon/carbon susceptor has a greatly increased lifetime relative 
to graphite susceptors, due to an increased number of heating and cooling cycles which the 

18 



• <WO 9855238A1_I_> 



WO 98/55238 " r PCT/US98/09015 



carbon/carbon susceptor can tolerate prior to replacement. 

The entire carbon/carbon susceptor according to the present invention, including both the 
side ring and base, is preferably fabricated with a two dimensional, continuously woven carbon 
fiber fabric. This continuous fiber, ply lay-up structure provides a susceptor having over ten 
times the physical properties of the existing graphite susceptors. Additionally, carbon/carbon 
susccptors do not exhibit catastrophic failures under elevated temperature conditions in an argon 
atmosphere. 

The carbon/carbon susceptor of the present invention provides a three fold improvement 
over graphite in furnace thermal management. The susceptor side and base are preferably of 
substantially the same thickness throughout most of the structure. This eliminates unnecessary 
damping of the heat input into the hot zone, by reducing die susceptor mass up to 75%. 
Additional thermal management improvement is realized with the elimination of die susceptor 
base, needed by the graphite susceptors, but not the carbon/carbon susceptors of the present 
invention. 

The inventive structure eliminates the susceptor base by allowing the susceptor bottom 
to set directly on the furnace pedestal. This can be accomplished with the carbon/carbon 
susceptor of the present invention, since it may comprise a horizontally sectioned design, having 
a solid base and solid ring (wall), rather than a vertically sectioned design, with the base and ring 
each being one piece. The elimination of the base reduces the shielding of the bottom of the 
susceptor from the adjacent heater. This shielding reduction eliminates a significant portion of 
the thermal currents within the melt, such as the melted polysilicon. This directly effects the 
number of dislocations widiin die finished single crystal. 

The increase in furnace hot zone achieved according to the present invention is directly 
derived from the reduction in the susceptor side ring thickness. The carbon/carbon susceptor 
thickness preferably ranges from about 0.12 inches up to about 0.35 inches. This is a total 
reduction in part thickness over graphite of 50% up to 85%. The corresponding difference 
between the carbon/carbon susceptor and graphite part thickness translates into a 1 to 2 inch 
increase in hot zone size. This means that a single crystal grower can increase its capacity by 
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up to 24%. 

Advantages of the carbon/carbon susceptor of the present invention over graphite 
susceptors are outlined in Table V, below. 

TABLE V 



Characteristic 


Graohite Susceotor 


CJC Susceotor 


Component Pieces Needed 


Three to Four 


One 


Component Lifetime 


One Lifetime 


Three to Four Lifetimes 


Toughness 


Brittle 


Tough 


Thermal Mass 


High 


Low 


Component Weight 


About 50 pounds 


About 15 pounds 


Purity 


Low 


High 


Failure Mode 


Catastrophic 


Non - catastrophic 


Resistance to Thermal 
Shock 


Low 


High 


Ability to control Thermal 
Conductivity 


Low 


High (from fiber ply ai 
placement) 


Molten crystal spill 
containment capability 


Low 


High 



The following further advantages have been realized using the high purity composite 
components of the present invention in the CZ crystal growing apparatus. The improved 
durability of the high purity carbon/carbon composite components results in a reduction in 
furnace downtime. The typical lifetime for graphite components in the CZ semiconductor crystal 
growing industry is three to four months, while for the high purity composite components, a 
lifetime of 12 to 15 months can be realized, based on an extrapolation of real time in-situ testing. 
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The durability of the high purity carbon/carbon composite components is due to their 
superior thermal and mechanical properties. In addition, the affinity of silicon oxides for the 
high purity composite material is substantially less than that of graphite, which reduces the need 
for periodic cleaning and replacement. 

The improved purity of the high purity carbon/carbon composite components over 
graphite results in a reduced level of contamination of the silicon ingots and wafers. This is 
evidenced by the time taken for an electrical current to flow between contaminating atoms (die 
Hall Mobility). The shorter the time for the current to flow between the contaminating atoms, 
the more "impure" the silicon wafer is. 

Electrical breakdown times for silicon wafers produced from furnaces employing graphite 
and high purity carbon/carbon composite components were tested. Electrical breakdown times 
for silicon wafers produced from furnaces utilizing graphite components ranged from 200 to 250 
microseconds. The wafers produced by the high purity carbon/carbon composite component- 
utilizing furnaces are considerably purer, exhibiting electrical breakdown times of greater than 
300 microseconds. This improvement is highly significant to the semiconductor industry. 

In another measurement of impurity concentrations in graphite and the inventive material, 
impurity transfer into silicon was measured by direct contact at 550°C over a period of 12 hours. 
It was determined that the elemental impurities listed in Tables 1 and II were lower in the 
inventive material than in graphite by a factor of at least one hundred (100). 

The use of high purity carbon/carbon composite components in the CZ crystal growing 
reactor results in significant improvements in the yield of silicon wafers that are classified as 
"good for structure". The yield of "good for structure*' wafers produced with graphite furnace 
components was 68%. while the yield of "good for structure" wafers produced with high purity 
carbon/carbon composite furnace components was 72%. It should be noted that in the silicon 
semiconductor wafer manufacturing industry, a 1 % increase in yield is regarded as extremely 
financially significant. This difference in good for structure yield may be attributable to the 
superior control of thermal conductivity throughout the high purity carbon/carbon composite 
components over time. Very little degradation of thermal properties of the inventive materials 
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were observed. 

An additional and unexpected benefit from the use of the high purity carbon/carbon 
composite components over graphite concerned the production of large components. The 
fabrication of large graphite parts is difficult due to graphite's low mechanical properties and 
graphite's inability to support its own weight. On the other hand large parts were able to be 
made from high purity carbon/carbon composites with ease, for example, up to 48 inches in 
diameter. 

Regarding power consumption, the electrical power required by a CZ furnace equipped 
with high purity carbon/carbon composite components was significantly less than that of a similar 
furnace equipped with conventional graphite parts. This is due to the superior thermal 
characteristics of the high purity carbon/carbon composite components, as shown above. 
Furnaces utilizing the high purity composite furnace tube liner experienced a 2% to 5% decrease 
in the amount of power required, depending upon the number of components in the furnace. 
This power savings is very significant, in terms of capital requirements as well as operating costs. 

Regarding particulation, high purity carbon/carbon composite components exhibited 
outstanding resistance to the generation of dust particles relative to conventional graphite, which 
is described by those skilled in the art as mealy. The contamination of silicon wafers produced 
in furnaces with high purity carbon/carbon composite components is substantially lessened, as 
compared to those produced with graphite components. 

Therefore, the objects of the present invention are accomplished by the production and 
use of high purity carbon/carbon composite components for use in semiconductor processing. 
The mechanical and purity advantages of the inventive material with respect to graphite, and the 
purity advantages of the inventive material with respect to graphite and conventional 
carbon/carbon composites has been demonstrated, as is shown above. It should be understood 
that the present invention is not limited to the specific embodiments described above, but includes 
the variations, modifications and equivalent embodiments that are defined by the following 
claims. 
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We Claim: 

1 A crucible susceptor for a crystal growing process for pulling a crystal ingot from a 
crystal material melt in a crucible, comprising: 

a high purity composite comprising a two dimensional, continuously woven carbon fiber 
fabric reinforced carbon matrix; 

said high purity composite having a total level of metal impurity less than about 10 parts 

per million; 

said crucible susceptor being a one piece, ply lay-up structure of said high purity 
composite, having a side ring and a base, said side ring and said base having substantially the 
same thickness. 

2. The crucible susceptor of claim 1 wherein the base is adapted to directly engage a crystal 
growing furnace pedestal. 

3. The crucible susceptor of claim 1 wherein the thickness of the base and the side ring is 
between about 0.12 inches and about 0.35 inches. 

4. The crucible susceptor of claim 1 wherein the high purity composite provides substantially 
uniform heat transfer from outside said susceptor to the crucible holding the melt. 

5. The crucible susceptor of claim 1 having a refractory coating selected from die group 
consisting of carbides, borides, and nitrides. 

6. The crucible susceptor of claim 1 having a refractory coating selected from the group 
consisting of silicon carbide, silicon nitride, boron nitride, nyrolylic boron nitride and silicon 
boride. 

7. The crucible susceptor of claim 1 wherein said metal impurity consists essentially of the 
metals Ag, Al, Ba, Be, Ca, Cd, Co. Cr, Cu, Fe, K, Mg. Mn, Mo, Na, Ni, P, Pb, Sr, V and 
Zn. 
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8. The crucible susceptor of claim 1 wherein said high purity composite has a total level of 
metal impurity less than about 5 parts per iiiiiiioii. 

9. The crucible susceptor of claim 1 wherein said high purity composite has a level of metal 
impurity below the detection limit of inductively coupled plasma spectroscopy for the metals Ag, 
Al, Ba, Be, Ca, Cd, Co, Cr, Cu, K. Mg, Mn, Mo, Na, Ni, P. Pb, Sr and Zn. 

10. The crucible susceptor of claim 1 wherein the high purity composite has an ultimate 
tensile strength of about 25 to about 100 ksi and a tensile modulus of about 3 to about 30 msi. 

1 1 . The crucible susceptor of claim 1 wherein the high purity composite has a fiexural 
strength of about 15 to about 60 ksi and a compressive strengdi of about 10 to about 50 ksi. 

12. The crucible susceptor of claim 1 wherein the high purity composite has a fracture 
toughness as measured by Izod impact of about 5 to about 25 ft lb/in. 

13. The crucible susceptor of claim 1 wherein the high purity composite has an in plane 
thermal expansion coefficient of zero to about 2 x 10 6 and a cross-ply thermal expansion 
coefficient of about 6 to about 10 x 10 6 . 

14. The crucible susceptor of claim 1 wherein the high purity composite has an in-plane 
thermal expansion coefficient of about 1.4 x 10 6 . 

15. The crucible susceptor of claim 1 wherein the high purity composite has an in-plane 
thermal conductivity of about 20 to about 500 W/mK and a cross-ply thermal conductivity of 
about 5 to about 200 W/mK. 

16. The crucible susceptor of claim 1 wherein the high purity composite has a thermal 
conductivity of about 100 W/mK. 

17. The crucible susceptor of claim 1 wherein the high purity composite has a thermal 
emissivity of about 0.4 to about 0.8. 
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18. The crucible susceptor of claim 1 wherein the high purity composite has a thermal 
emissivity of about 0.52. 

19. The crucible susceptor of claim 1 having an electrical resistivity of about 1 x 10" 4 to 
ahout 1 x 10" 2 ohm-cm. 

20. A single crystal growing process for pulling a single crystal ingot from a crystal material 

melt, including: 

providing the crystal material melt in a crucible, and, 

intimately supporting the crucible with the crucible susceptor of claim 1 

21. The process of claim 20 including setting the crucible susceptor directly upon a crystal 
growing furnace pedestal. 

22. The process of claim 20 wherein the crystal material is selected from the group consisting 
of sapphire, silicon, gallium arsenide and cadmium zinc telluride. 

23. A Czochralski crystal growing process for pulling a semiconductor ingot from a 
semiconductor material melt, including: 

providing the semiconductor material melt in a quartz crucible, and, 
intimately supporting the crucible with the crucible susceptor of claim 1 . 

24. The process of claim 23 including setting the crucible susceptor directly upon a 
Czochralski crystal growing furnace pedestal. 

25. The process of claim 23, wherein the semiconductor ingot is a silicon ingot, including 
cutting the silicon ingot into silicon wafers, and further including providing said silicon wafers 
with an electrical breakdown lime of greater than 300 microseconds. 

26. The process of claim 23, wherein the semiconductor ingot is a silicon ingot, including 
cutting the silicon ingot into silicon wafers, and further including providing a yield greater than 
68 percent of good-for-struciure silicon semiconductor wafers. 
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) 

27. The process of claim 23, wherein the semiconductor is selected from the group consisting 

^ ... it: ~*^A s*9ftmtum 7inr. tpllliride. 
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